Abstract-We propose a microelectromechanical systems-based tunable asymmetric Fabry-Perot cavity for the high-precision weighing of macro samples. The device is based on an in-plane design and is structured in a silicon-on-insulator substrate. The cavity length of the optical resonator is tuned under the action of an external force. The force can be determined from the resulting spectral shift of the optical resonance. Measurements can be done under static conditions and are immune to electromagnetic interferences. Various designs have been simulated, fabricated and characterized. We report the experimental performances of four devices that have been tested under loads up to 98 mN (10 g). Sensitivities ranging from 0.51 to 67.69 nm/mN and absolute resolution ranging from 0.15 to 19.61 μN are reported. The maximum relative resolution of the sensor is below 100 ppm.
MEMS Tunable Asymmetric Fabry-Perot Cavity for High-Precision Weighing of Macro Samples measure. The ratio of these two parameters is a meaningful factor that can be used to characterize the performance of a sensor. Only few technologies allow high resolution measurements for loads ranging from 1 to 100 mN. Considering the ratio of the resolution to the maximum force as the figure of merit, it can be seen that macro sensors performance drops for loads below 100 mN. In contrast, most of the microsystem technologies cannot measure loads larger than 1 mN.
Piezoresistive and piezoelectric sensors appear to be the only candidates for high resolution measurements between 1 and 100 mN. However, the specific materials required for these technologies increase the complexity and the cost of fabrication [12] . Moreover, the output signal can be affected by electromagnetic interferences (EMIs) [10] , and the electrostatic charge leakage in piezoelectric materials makes it impossible to realize static measurements [13] . These technologies are, therefore, not well suited for all applications. One example is the development of weighing devices that most of the time require static measurements. In addition, samples can exhibit magnetic properties or the device might be exposed to important electromagnetic noise as in aerospace applications.
This paper addresses the specific issue of high-precision weighing of samples in the range of 1-100 mN. An additional challenge related to this target is the large size of the samples compared to the microsystems. 100 mN samples can easily be up to a few cubic centimeters. In this paper, we present a mass sensor based on an asymmetric Fabry-Perot (FP) resonator for high-precision weighing of macro samples. The in-plane cavity, composed of two silicon Bragg mirrors, is tuned when applying an external force on the device. Unlike piezoresistive and piezoelectric sensors, this approach is immune to EMI and allows static measurements. Only a few MEMS force sensors based on FP resonators have previously been published. A pressure sensor [4] and a shear stress sensor [8] were reported. They are respectively based on out-of-plane and in-plane resonators and do not involve distributed Bragg gratings (DBG). The use of DBG and an in-plane cavity in our design allows to achieve high reflectivity mirrors and makes design variations easier while keeping a simple fabrication process.
A third device, closer to the one we propose, was published recently [14] . The microsystem is based on a vertically etched silicon DBG and is presented as a force sensor. It was tested under forces up to 80 mN and exhibits a maximum sensitivity of 14 nm/N. However, waveguides are used in the design and the tuning mechanism is completely different from ours. All optical components are attached together. It is the compression or extension of the silicon section between the two Bragg mirrors that modifies the optical path. Our device is a free space optical component. The gap between the two mirrors is thus an air layer and can be tuned over a much longer distance by allowing the in-plane motion of one of the mirrors.
None of these microsystems were used as weighing instruments. In order to facilitate the comparison, performances of our sensors will be presented as a function of the applied force rather than the applied mass. To our knowledge, we present the first microbalance based on a tunable FP resonator. It is also, to our knowledge, the first optical-MEMS developed for weighing of macro samples. The first section of this paper is divided in four subsections that, respectively, present the working principle of the device, the mechanical design, the optical design, and the fabrication process. The second section is composed of three subsections that, respectively, present the experimental setup, the optomechanical response of multiple devices, and a discussion on the sensor stability and resolution. Fig. 1(a) shows a schematic of the proposed device. Four springs hold a suspended central section. The load patch (highlighted in red online) corresponds to the interaction surface. The force or weight to be measured must be applied on this area. A close-up view of the device is presented in Fig. 1(b) and shows the optical components in detail. Two Bragg mirrors of different reflectivity, separated by a gap of dimension d Gap , form an asymmetric FP cavity. The parameters d Air and d Si , respectively, correspond to the thickness of silicon and air layers. The term asymmetric refers to the mirrors that are not of equal reflectivity. Facing the optical resonator, a fiber groove has been implemented to allow passive optical alignment. The optical fiber inserted in this groove, referred as the interrogating fiber, is used to monitor the reflection spectrum of the device.
II. Design and Fabrication

A. Working Principle
The resonance wavelength λ of an FP cavity can be tuned by modifying the optical length of the cavity. This can be achieved by changing the size of the gap or its refractive index. A change of λ/2 leads to a spectral shift equal to the free spectral range (FSR) that corresponds to the spacing between each resonance peaks. Fig. 1 shows that one of the Bragg mirror is attached to the suspended section. This mirror is thus free to move along the optical axis of the cavity.
Consequently, the motion induced by an external force modifies the cavity length and the spectral position of the resonance. The force equilibrium condition leads to (1) . As can be seen, the spectral shift λ is linearly proportional to the applied force or mass
The in-plane design allows a large range of spring constants k, a parameter directly related to the sensitivity S of the device. The sensitivity, defined as the ratio between the spectral shift and the applied force (nm/N), also depends on the FSR as expressed by (2)
B. Optical Design
Bragg mirrors correspond to a stack of alternating layers of high and low refractive indices. To obtain a reflection band centered at λ, the thickness of each layer (d Air , d Si ) must correspond to an odd integer of λ/4. The bandwidth of the mirror is determined by the order of each layer and by the refractive index contrast. The orders of silicon and air layers are respectively defined as m Air and m Si in (3). Low orders and high refractive index contrast lead to larger bandwidth. Silicon is, therefore, a good candidate because it has a high refractive index contrast with air ( n=2.45 at λ=1.55 μm). The lower limit on m Air and m Si is set by the lithography resolution, whereas the upper limit is set by the mirror bandwidth that must be at least as large as the targeted FSR
The reflectivity of Bragg mirrors is determined by the refractive index contrast and the number of periods (i.e., pairs of high and low refractive index layers.). To optimize the reflection signal we chose to work with an asymmetric cavity. The back-end mirror was designed to reach a maximal reflectivity. It was calculated that there is no significant improvement of the reflectivity above four periods (i.e., four silicon walls). This is due to the high refractive index contrast between layers and optical losses induced by surface roughness [15] . The simulations showed that the entrance mirror reflectivity is of great importance. The optical losses in the cavity are nonnegligible and the front mirror reflectivity must be optimized to get the highest signal, while maintaining a small enough full width at half maximum.
To obtain a resonance centered at λ, the length of an FP cavity d Gap must correspond to an integer of λ/2. The gap order, defined as m Gap in (3), determines the free spectral range between each resonance. Low orders lead to larger FSR. For short cavities formed of Bragg mirrors, there is no simple equation that expresses the relation between these two parameters. It is due to the non-negligible penetration depth of light into the mirrors, which modifies the effective cavity length. In that case, the transfer-matrix method [16] must be used to determine the expected FSR. As mentioned previously, there is a linear relation between the sensitivity and the FSR. Therefore, the gap order must be minimized to increase the sensitivity. The lower limit on m Gap is set by the bandwidth of the mirrors that must cover the whole FSR. Considering these different targets and limitations, the optical design parameters (m Air , m Si , m Gap and the number of periods) were optimized using a previously reported model [15] . This model takes into account not only the thickness and refractive indices of each layer but also the optical losses due to Gaussian beam divergence and surface roughness, thus allowing more accurate results. Roughness of 25 nm RMS was considered for all simulations. Table I shows the optimal Bragg dimensions and the resulting FSR. Two different designs were fabricated. The first uses the interface between the optical fiber and air as the entrance mirror. The second uses a Bragg mirror of 0.5 period (i.e., one silicon walls). For both designs, the back-end Bragg mirror is composed of four periods.
C. Mechanical Design
As this device will be used to weight macro samples, the dimensions of the load patch must be maximized. Our fabrication process restricts the thickness of the device layer and thus the height of the load patch. Its width can however take any value up to a few millimeters. The fabricated devices have a load area of 500 μm × 70 μm. This surface is still about three orders of magnitude smaller than the samples we need to weight. The solution to this constrain is detailed in Section III-A.
The design includes four springs to ensure its stability. Ideally, the only possible motion would be a translation along the x-axis that corresponds to the optical axis of the FP cavity. The mechanical configuration limits the amplitude of unwanted translation or rotation motions, while keeping one side of the device accessible to be used as the load area. The total spring constants of the structure in the x and z directions are given by (4) where the parameters E, t, d, and l, respectively, correspond to the Silicon Young modulus, the thickness, the width, and the length of the springs
Four different sets of springs were used for the fabricated devices. They are referred to as S1 to S4 and listed in Table II with the associated dimensions, minimum load, maximum load and dynamic range. The dynamic range corresponds to the mass needed to move the back-end mirror over a λ/2 distance. As can be seen from (2), for a given FSR the dynamic range and sensitivity are inversely proportional. Therefore, a compromise needs to be reached between these two parameters.
The springs S1 and S2 are designed to work under a load of 9.8 mN (1 g). The dynamic range of S1 is however five times lower. On the other hand, its sensitivity is five times higher. The same relation exists between S3 and S4, which are designed to work under a maximum load of 98 mN (10 g). The out-of-plane spring constants were used to calculate the vertical motion of the suspended section induced by its own weight. Considering a mass of 12 μg, a vertical deflection of 0.3 pm was calculated for the lowest k z . There is therefore no risk for the suspended section to collapse or tilt and cause an important misalignment between the two mirrors. The high ratio of the in-plane spring constant to the out-of-plane spring constant (ranges from 25 to 150 depending on the device) minimizes the unwanted motion along the out-of-plane axis.
D. Fabrication
The out-of-plane design of the microsystem allows to minimize the number of fabrication steps and therefore increases the production rate of the process. The fabrication process we used is adjusted from [17] and involves only three steps, as can be seen in Fig. 2 .
The substrate is a silicon-on-insulator 110 wafer. The device layer and buried oxide are respectively 70 and 2 μm thick. The device layer thickness ensures the interrogating fiber (Corning SMF28) core will be aligned within the top 15 μm of the mirrors once inserted in the groove. The first step is a photolithography. Shipley SPR 7.0 resist is spun at 2500 rpm for 60 s to obtain a 5.7 μm thick layer. The second step is the deep reactive ion etching (DRIE) of the device. All optical and mechanical components are etched simultaneously. The DRIE parameters are shown in Table III . An oxygen plasma is used to strip the remaining photoresist. The final step is the release of the structure in 49% HF during 15 min. Periodic holes are etched in the central section to facilitate the release step. The lateral oxide etch required is thus lowered by more than one order of magnitude. As a second utility, the periodic holes also lower the mass of the suspended section. Finally, critical point drying is used to avoid sticking of the structure. No significant distortion or anchoring effect was observed on any of the fabricated devices. The effect of possible internal stresses across the SOI substrate might have been limited by the thickness of the device layer. Fig. 3 shows a scanning electron microscopy image of the fabricated device before the release step. The left inset shows a close-up view of the entrance mirror lower section. As can be seen, the last few microns were completely etched, which is partly due to a slight nonverticality of the etching profile. 0.5°deviation was measured in 2.7 μm wide trenches (equal to the Bragg mirrors air layer thickness d Air ). The etching profile is influenced by trench width and larger opening (i.e., the FP cavity and optical fiber groove) will most likely exhibit sidewalls with lower verticality. However, only the top 15 μm are actually exposed to the incident light beam. In this region, the thickness of the silicon walls is close to the expected value. The right inset shows a close-up view of Bragg mirrors upper section. Trenches with sidewalls of optical quality surface were achieved by optimization of the DRIE process. 25 nm RMS surface roughness was measured by white light interferometry in 2.7 μm wide trenches. Surface quality is influenced by trench width, and larger openings are expected to exhibit sidewalls with higher roughness. For this type of optical resonator, surface roughness is the main source of optical losses [15] . Nonverticality of the optical interfaces and divergence of light (which can be amplified by nonverticality in the Bragg grating) also increase optical losses.
III. Results and Discussion
A. Experimental Setup
The fabricated sensors were characterized using the experimental setup shown in Fig. 4 . The setup can be divided in three main sections. The first one allows to monitor the spectral response of the device. Light from an erbium broadband source, stabilized by a controller, is injected in an optical fiber and directed toward the microsystem for interrogation of the asymmetric FP cavity. The reflection spectrum of the cavity is coupled back into the fiber and an optical circulator, inserted between the broadband source and the device, redirects it toward the optical spectrum analyzer (OSA). The optical path presents many junctions and interfaces that can cause unwanted back reflections. An isolator has therefore been integrated at the exit of the broadband source.
The second section allows the alignment of the different setup components. The interrogating fiber is inserted in the fiber groove and aligned using a three-axis stage. We can see in Fig. 1(b) that a cavity is formed between the fiber and the first Bragg mirror when those two are not in contact. The end of the fiber was therefore cleaved at 8°to minimize the parasitic effect of this cavity. It was done at the expense of increased optical losses. Ideally, an antireflective coating or an index matching gel would be used. Indeed, angle cleaved fibers were not used for devices where the interface between the optical fiber and air acted as the entrance mirror. The microsystem is placed on a two axis stage under a transparent plastic box that isolates the sensor from pressure variations in its surroundings. The samples are applied onto the sensor with the help of a component referred to as the force system. A three-axis stage is used to align the force system tip with the load patch of the device.
The third and final section allows loading of the microbalance. Our objective is to weigh macroscopic samples with a device exhibiting a microscopic sensing area. In order to make it possible we developed the force system, which significantly increases the sensing area of the device. The contact area of the force system tip is 0.1 mm 2 , whereas the area of the load pan is 176.7 mm 2 . The system is composed of an S-shaped structure with a rotation axis at the center of the vertical beam. As the horizontal beams are not of equal weight, the movable disks are used to equilibrate the system before samples are applied on the load pan. Due to the rotational motion, the resulting force exhibits an out-of-plane component. However, the vertical beam of the force system is over four orders of magnitude longer than the maximum in-plane displacement of the mirror. The maximum angle of rotation is therefore Fig. 4 . Schematic of the experimental setup. It is composed of three main sections dedicated to the monitoring of the spectral response, the fine alignment of the different components, and the interaction between the macroscopic samples and the microscopic sensor.
in the order of one thousandth of a degree. Consequently, the out-of-plane component of the resulting force is small enough to be neglected. Larger errors can be induced by a misalignment of the Force system. Its tip should be aligned to the center of the Load patch, perpendicularly to the contact surface. Offsets from the center or an angular misalignment induce a tilt between the two Bragg mirrors that can result in increased optical losses and spectral shift of the FP resonance. The alignment was done by visual inspection and lead to an approximated resolutions of 20 μm for the centering and 10°for the angular positioning. A second approach based on a motion translation system could be used for further developments [18] . It would allow enlarging significantly the load area of the microsystem, thus eliminating the need for a force system and allowing a more integrated sensor.
B. Optomechanical Characterization
Two optical designs and four structural variations were presented in Sections II-B and II-C, respectively. Based on these variations, devices of different configurations were fabricated and characterized. The sensitivity of the resulting sensors corresponds to the ratio of the FSR to the dynamic range. It is therefore determined by the initial length of the cavity and the spring constant of the mechanical structure. For the first optical design, the cavity is formed by two Bragg mirrors. Its initial length is therefore fixed, just as its spring constant. Consequently, the expected sensitivity can be calculated and compared with the experimental results. For the second optical design, the cavity is formed by the fiber/air interface and a high reflectivity Bragg mirror. In that case, the cavity length is determined during the alignment and is hard to evaluate visually. It is therefore not possible to provide the expected sensitivity of devices based on this design.
For each device, the spectral response was monitored under increasing loads. The spectral shift of the resonance was then reported in function of the applied load. A linear relation between these parameters is expected. Its slope corresponds to the sensor sensitivity. Fig. 5 presents the typical response of a device. It shows a superposition of multiple spectra measured under different loads. As expected, a resonance shift toward shorter wavelengths is observed as the applied load increases. This shift corresponds to a decrease of the cavity length. For this particular device, the cavity is formed of two Bragg mirrors. The geometry of the springs corresponds to the second structural variation S2 listed in Table II , from which we expect a sensitivity of 12.24 nm/mN. It can be seen that optical losses and resonance spectral width are increasing with the applied load. It is most likely due to an increasing tilt between the two Bragg mirrors, induced by a misalignment of the Force system tip. For the maximum load, the resonance still exhibits an isolation of 15 dB. The operation of the sensor is therefore not compromised. Fig. 6 reports the spectral shift of the device in function of the applied load. An experimental sensitivity of 11.56 nm/mN is obtained for the sensor, which is in good agreement with the expected value. The misalignment of the Force system does not seem to significantly affect the sensor response that appears to be in good correlation with the expected linear behavior.
Using the same methodology, devices based on four different configurations were characterized. Details of the configurations and experimental results are reported in Table IV. As can be seen from this table, structural variations S1, S2, and S3 were implemented with an optical resonator composed of two Bragg mirrors. The cavity length is therefore fixed and the experimental results can be compared with the expected sensitivities. Only one of the reported devices uses the fiber/air interface as the entrance mirror. In this configuration, it was hard to achieve small cavity lengths due to the limited precision of the alignment setup. Therefore, this optical design was more appropriate for a device of lower sensitivity. Consequently, it was implemented with the least sensitive structural variation S4 to maximize the spectrum covered by these four devices. Devices D1 and D2 were tested under masses up to 9.8 mN (1 g), whereas devices D3 and D4 were tested under masses up to 98 mN (10 g). The sensors' experimental sensitivities cover more than two orders of magnitude, ranging from 0.51 to 67.69 nm/mN. As can be seen from Table IV , there is a good correlation between theoretical and experimental sensitivities. The small deviations we observe come from mismatches between experimental and nominal dimensions of the devices. Diffraction of light during photolithography and underetch during bulk micromachining cause these mismatches and tend to increase the width of the trenches. Consequently, these sources of errors increase the cavity length and lower the width of the springs. It is interesting to note that the resulting alterations of optical and mechanical structures have opposite effects on the device sensitivity. An increase of the cavity length (higher FSR) leads to a lower sensitivity, whereas a decrease of the springs width (lower spring constant k) leads to a higher sensitivity. As can be seen from Table IV , experimental sensitivity of device D1 is lower than expected, whereas experimental sensitivities of devices D2 and D3 are higher than expected. These devices'optical configurations are identical. Therefore, the relative effect of the cavity length mismatch on the device sensitivity is constant from one device to another. On the other hand, the width of the springs increases from devices D1 to D3. Therefore, the relative effect of the springs width mismatch on the device sensitivity varies from one device to another. The mechanical effect is dominant for device D1, whereas the optical effect is dominant for devices D2 and D3.
C. Resolution and Stability
In order to evaluate the sensor resolution, we measured the stability of the FP resonance using the following methodology. Firstly, the reflection spectrum of the resonator was monitored and recorded every 30 s over a time interval of 2.5 min. Second, each of these spectra were run through a MATLAB algorithm to locate and extract the resonance. Polynomial functions of various degrees were then used to fit the resonance shape and extract its central position. Finally, the standard deviation was calculated for each degree of polynomial regression. The precision of the spectral measurement was defined as three times the lowest standard deviation. Fig. 7 reports the experimental results. The lowest standard deviation was obtained with a 7th degree polynomial regression and gives a precision of 0.01 nm, which is smaller than the OSA resolution. The measurement is therefore most likely limited by the equipment and not by the device in itself. The absolute resolution of the sensor is obtained by multiplying its sensitivity by the precision of the spectral measurement. The experimental results are presented in Table IV and cover more than two orders of magnitude, ranging from 19.61 to 0.15 μN.
An additional meaningful parameter is presented. It corresponds to the ratio of the absolute resolution to the dynamic range. It is also equivalent to the ratio of the spectral resolution to the FSR. Expressed in part per million (ppm), it gives the maximum relative resolution of the sensor. The lower performance of device D4 can be explained by its optical design. Its longer cavity leads to a shorter FSR and therefore to lower relative resolution. The smaller variations between the three other devices come from the fabrication process. As explained previously, small deviations from the devices' nominal dimensions are observed. These deviations are not constant from one device to another. The maximum relative resolution of 100 ppm was obtained with device D1. As we are limited by the OSA resolution, we can claim that the maximum relative resolution of the sensor is below 100 ppm.
Thermal effects were not significant enough to be observed during the experimental characterization where no effort was made to keep the temperature constant. Moreover, the optical and mechanical variations induced by temperature changes are much slower than the time required for a single measurement. Therefore, a calibration could be done in real time using a reference device for which the only unknown is the temperature (i.e., zero or constant load). Thermal effects are expected to become more important as the sensitivity of the device increase. Consequently, an in-depth study of the temperature dependence might be required for the device's next generations.
IV. Conclusion
In this paper, we proposed MEMS-based technology for high-precision weighing of macro samples in the range of 0.1 to 100 mN. We presented what is, to our knowledge, the first optical microbalance based on a tunable FP cavity for weighing of macro samples. The device was structured on a silicon-on-insulator substrate. Its in-plane design allowed a simple and low cost fabrication process. The working principle, based on the mechanical deformation of an optical resonator, was immune to electromagnetic noise and allowed static measurement. Simulations were performed to predict the optical and mechanical behaviors of the device. Devices based on four different configurations were successfully fabricated and characterized.
We demonstrated that our optical microsystem can be used for high-precision weighing of macro samples. Masses up to 98 mN (10 g) were successfully applied on the sensor and weighed. Devices with experimental sensitivities ranging from 0.51 to 67.69 nm/mN and absolute resolutions ranging from 0.15 to 19.61 μN were presented. The covered range could be further increased by simple modifications of the spring dimensions. The maximum relative resolution of the sensor is below 100 ppm and is limited by the OSA resolution. Alternative methods such as laser locking could be used to track the resonance. It would most likely improve the sensor resolution, but at the expense of lower dynamic range.
The maximum sensitivity of our sensor was more than three orders of magnitude higher than previously reported vertically etched silicon DBG force sensor [14] . For similar maximum load and dynamic range, our device (device D4) sensitivity appeared to be four times higher. Moreover, device D4 used the fiber/air interface as the entrance mirror, which was the least sensitive optical design. Its sensitivity could therefore be easily increased by a factor three.
